Nicotinic acetylcholine receptors (nAChRs) are expressed in the midbrain ascending dopaminergic system, a target of many addictive drugs. Here we assessed the intracellular Ca 2+ level by imaging fura-2-loaded cells in substantia nigra pars compacta in mouse brain slices, and we examined the in¯uence on this level of prolonged exposures to nicotine using mice lacking the nAChR b2-subunit. In control cells, superfusion with nicotine (10±100 mM) caused a long-lasting rise of intracellular Ca 2+ level which depended on extracellular Ca 2+ . This nicotinic response was almost completely absent in b2±/± mutant mice, leaving a small residual response to a high concentration (100 mM) of nicotine which was inhibited by the a7-subunit-selective antagonist, methyllycaconitine. Conversely, the a7-subunit-selective agonist choline (10 mM) caused a methyllycaconitine-sensitive increase in intracellular Ca 2+ level both in wild-type and b2±/± mutant mice. Nicotine-elicited Ca 2+ mobilization was reduced by the Na + channel blocker tetrodotoxin (TTX) and by T-type Ca 2+ channel blocking agents, whereas the choline-elicited Ca 2+ increase was insensitive to TTX. Neither nicotine nor choline produced Ca 2+ increase following inhibition of the release of Ca 2+ from intracellular stores by dantrolene. These results demonstrate that in nigral dopaminergic neurons, nicotine can elicit Ca 2+ mobilization via activation of two distinct nAChR subtypes: that of b2-subunit-containing nAChR followed by activation of Na + channel and T-type Ca 2+ channels, and/or activation of a7-subunit-containing nAChR. The Ca 2+ in¯ux due to nAChR activation is subsequently ampli®ed by the recruitment of intracellular Ca 2+ stores. This Ca 2+ mobilization may possibly contribute to the long-term effects of nicotine on the dopaminergic system.
Introduction
Neuronal nicotinic acetylcholine receptors (nAChRs) belong to a family of ligand-gated ion channels composed of ®ve subunits, organized in a variety of transmembrane allosteric oligomers (Galzi & Changeux, 1994; McGehee & Role, 1995; Lindstrom et al., 1996) . Ten neuronal nAChR subunits (a2±a8, b2±b4) have been identi®ed in the vertebrate brain (Sargent, 1993; . The a7-and a8-subunits are members of an a-bungarotoxin (BgTx)-sensitive subfamily which forms homo-oligomers when expressed in Xenopus oocytes (Schoepfer et al., 1990; Se Âgue Âla et al., 1993) . The a2±a6 and b2±b4 subunits are members of a second, aBgTx-insensitive subfamily that can form a variety of different hetero-oligomers (Sargent, 1993) . Neuronal nAChRs have been grouped into several classes on the basis of their physiological and pharmacological properties observed in rat neurons and neurons from mice lacking the nAChR b2-subunit (Alkondon & Albuquerque, 1993; Picciotto et al., 1995; Zoli et al., 1998) . In particular, they include a7-subunit-containing nAChR, b2-subunit-containing nAChR (mostly a4b2), and b4-subunit-containing nAChRs that either exhibit slow desensitization (presumably when the subunit composition is a3b4) or fast desensitization. a-BgTx-insensitive nAChR channels are more permeable to Ca 2+ than muscle nAChR channels (Mulle et al., 1992; Vernino et al., 1994) . However, a-BgTx-sensitive a7-subunit homo-oligomers exhibit the highest Ca 2+ permeability (Bertrand et al., 1993; Castro & Albuquerque, 1995) and have been studied for the present report. In addition, as also documented here, the increase in intracellular Ca 2+ observed in response to application of nicotinic agonists may be produced indirectly, in some neurons, by the activation of voltageoperated Ca 2+ channels (Rathouz et al., 1996) . Mesencephalic dopaminergic (DA) neurons express at least six nAChR subunit mRNAs (a3, a4, a5, a6, b2 and b3) in the rat (Wada et al., 1989; Le Nove Áre et al., 1996) . In addition, a7-subunitimmunostaining has been obtained in substantia nigra pars compacta (SNc) neurons (Dominguez del Toro et al., 1994) . Recent studies with whole-cell patch-clamp recordings have further revealed the presence of b2-subunit-containing and a7-subunitcontaining nAChRs (Pidoplichko et al., 1997) in somatodendritic regions of DA neurons.
The nigrostriatal DA system regulates locomotor activity by releasing dopamine at its terminal and somatodendritic regions (Crocker, 1997) . Systemic nicotine facilitates both locomotor activity and the striatal release of dopamine through activation of nAChRs within the mesencephalic nuclei (Nisell et al., 1994) . Moreover, chronic nicotine treatment produces a variety of effects in the DA system including sensitization to the rewarding effect of drugs (Shippenberg et al., 1996) , alterations of cell survival following neurotoxic stress (Janson et al., 1992) , and increase in the number of nAChRs that may mediate nicotine addiction by smoking (Dani & Heinemann, 1996) . These effects might be elicited by intracellular signalling, e.g. via changes in intracellular Ca 2+ concentration ([Ca 2+ ] i ) due to activation of nAChRs. We have therefore examined the in¯uence of prolonged nicotine exposure on [Ca 2+ ] i in SNc neurons by imaging mouse brain slices loaded with fura-2/AM. Using b2±/± mutant mice, we have identi®ed subtypes of nAChRs engaged in Ca 2+ mobilization, and revealed the contribution of voltageoperated Ca 2+ channels and Ca 2+ release from intracellular stores.
Materials and methods

Animals
Mice were generated by mating parents heterozygous for a mutation in the b2-subunit (Picciotto et al., 1995) . The genotypes of the offspring were determined by polymerase chain reaction (PCR), using oligonucleotides to produce the mutant and wild-type copies of the b2 gene. In each experiment, b2±/± mutant mice were paired with siblings of b2+/+ wild-type mice. For experiments that did not involve comparisons of b2±/± mutant with wild-type mice (Figs 1, 4, 6 and 7), C57Bl/6 mice were used.
Brain slices
Nine to 15-day-old animals were decapitated, and their brains were quickly removed, then placed in ice-cold Krebs' solution (in mM: NaCl, 126; NaHCO 3 , 26; glucose, 25; NaH 2 PO 4 , 1.25; KCl, 2.5; CaCl 2 , 2; MgCl 2 , 1; pH 7.4) bubbled with 95% O 2 /5% CO 2 . Coronal brain slices containing SNc were obtained with a DSK-1000 slicer (Dosaka, Kyoto, Japan) and were kept submerged on a net in 150 mL Krebs' solution.
Measurements of Ca 2+ level
Slices (250 mm thick) were incubated for 60 min at room temperature (RT) with 10 mM fura-2/AM dissolved in Krebs' solution to which 0.01% cremophor EL was added. They were then washed for at least 1 h by submersion on the net in Krebs' solution. For measurement of intracellular Ca 2+ level, slices loaded with fura-2/AM were placed on a cover glass-bottomed chamber (400 mL volume) and continuously superfused (2 mL/min) with Krebs' solution in the absence, or presence of drugs, at 24°C.
Previously described (Partiseti et al., 1994) equipment for video imaging with a¯uorescence inverted microscope (Nikon, Champigny-sur-Marne, France) was converted for measurements of intracellular Ca 2+ level in slice preparations. Images were collected through a 510-nm interference ®lter with an intensi®ed CCD camera (Hamamatsu, Paris, France) during alternate excitation at 340 and 380 nm produced by a rotating ®lter wheel (Sutter Instruments, Novato, CA, USA) in the light path of a xenon lamp. An image processor (ETM systems, Irvine, CA, USA) averaged and stored 340 : 380 nm ratio images until further analysis with Vprobe software. Eight consecutive images (33 ms per image) were averaged at each wavelength, and one ratio was stored every 3 s. Data for single cells were analysed by averaging the 340 : 380 ratio values in all pixels within a rectangle cursor positioned over the soma of each neuronal cell present in the ®eld (usually seven to 10 neurons).
An in vitro Ca 2+ calibration was not carried out to convert the 340 : 380 ratio into an approximate [Ca 2+ ] i , because this calibration procedure does not mimic accurately the Ca 2+ interactions with fura-2 in slice preparations. Thus, results are presented here in the form of 340 : 380 ratios. Auto¯uorescence (Brooke et al., 1996) was not detected in fura-2-free slices, and similarly we found no background uorescence in the presence of nicotine or choline after calculations of ratios. Therefore, the increase of the 340 : 380 ratio values truly re¯ected the elevation of [Ca 2+ ] i .
Patch-clamp recordings
Brain slices (300 mm thick) were obtained from C57Bl/6 mice with the same procedure as that used for intracellular Ca 2+ measurements. Whole-cell recordings were made from SNc neurons identi®ed using infrared videomicroscopy equipped with Normarski optics. Patch pipettes were pulled from borosilicate glass and ®lled with (in mM): K-gluconate, 115; KCl, 10; NaCl, 8; MgCl 2 , 2; ethylene glycol-bis(baminoethyl ether) N,N,N¢,N¢-tetraacetic acid (EGTA), 0.02; N-2-[hydroxyethyl]piperazine-N¢-[2-ethanesulphonic acid] (HEPES), 10; ATPNa 2 , 4; GTPNa, 0.4; pH 7.3, having a 3±5 MW resistance. Recordings were obtained in current-clamp mode using an Axoclamp-2A (Axon Instruments, Foster City, CA, USA). Measured voltages were ®ltered at 3 kHz, and current and voltage traces were stored on digital tape for analysis. Subsequently, data were acquired (10±50 kHz, InstruNet board, GWI, Sommerville, MA, USA) and analysed with an Igor Pro software, ver 3.1 (Wavemetrics, Lake Oswego, OR, USA). During recording, the slice was perfused at 2 mL/min with Krebs' solution at room temperature. Drugs were bath-applied at the indicated concentrations. All nigral cells kept for this report produced typical broad spikes and inward cationic currents (I h ) in response to hyperpolarizing current pulses (data not shown), which indicated that they were DA neurons (Mercuri et al., 1995) . The membrane potential was held at ±57 mV before applications of nicotine.
Drug administration
Nicotinic agonists, nicotine and choline, were applied for 10±15 min. All experiments with these agonists were performed in the presence of 2 mM extracellular Ca 2+ , except for tests aimed at investigating the in¯uence of lower Ca 2+ concentrations. For this purpose, the slices were treated with a modi®ed Krebs' solution in which the Ca 2+ concentration was reduced either to 0.1 mM or 0 mM (Ca 2+ -free) + 0.5 mM EGTA. To block nAChRs, the slice was pretreated with a-BgTx for 25 min, with w-conotoxin GVIA or with dantrolene for 30 min, and with the other drugs used for this study for 15 min. To assess the effects of these drugs, we calculated the difference (Dratio 340 : 380) between basal ratio values averaged for 30 s before adding nicotinic agonists and at the peak of the nicotinic responses.
Reagents
(±)-Bicuculline methiodide, a-BgTx, caffeine, caesium chloride (CsCl), choline, cremophor EL, cyclopiazonic acid (CPA), cytisine, dantrolene, EGTA, fura-2/AM, 5-hydroxytryptamine, nicotine and tetrodotoxin (TTX) were from Sigma (St. Louis, MO, USA); wconotoxin GVIA, FTX-3.3, nifedipine and sFTX-3.3 were from Alomone Labs (Jerusalem, Israel); (6)-2-amino-5-phosphonopentanoic acid (AP-5), atropine, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), dihydro-b-erythroidine (DHbE), gabazine, mecamylamine, (6)-a-methyl-4-carboxyphenylglycine (MCPG), methyllycaconitine (MLA), s(±)-raclopride and ryanodine were from Research Biochemicals International (Natick, MA, USA).
Immunocytochemical staining of tyrosine hydroxylase (TH)
After fura-2-¯uorescence measurements, slices (200 mm thick) were ®xed overnight, at 4°C, with 4% paraformaldehyde (freshly depolymerized) in phosphate-buffered saline (PBS, 0.1 M, pH 7.2). Endogenous peroxidase activity was then inhibited by treatment with 3% H 2 O 2 in PBS for 5 min at RT. Non-speci®c sites were blocked for 30 min in PBS containing 0.3% Triton X-100, 5% normal serum (NS) and 1% bovine serum albumin (BSA) at RT. The slices were subsequently incubated for 3 h with a primary antibody to TH, speci®cally the monoclonal antibody MAB318 (Chemicon, Temecula, CA, USA) used at a 1 : 1000 dilution (2 mg/mL). After washing, they were incubated with the second antibody (biotinylated sheep antimouse IgG; Amersham, Pittsburgh, PA, USA; dilution 1 : 200) in PBS containing 0.3% Triton X-100 and 1% NS for 1 h at RT. After two 10-min rinses in PBS, the slices were incubated in a streptavidin-biotinylated peroxidase complex (Amersham; dilution 1 : 300) in PBS containing 1% NS for 45 min at RT. Bound peroxidase was revealed using 3,3¢-diaminobenzidine (Sigma) and 0.03% H 2 O 2 at RT. The slices were mounted on slides, and coverslipped with an Eukitt mounting medium.
The speci®city of this method was controlled by omitting the primary antibody; in this case, no immunostaining could be observed (data not shown).
Results
Properties of basal Ca 2+ level in SNc neurons
We measured the intracellular Ca 2+ level at the soma of SNc neurons in mouse brain slices loaded with fura-2/AM. SNc regions were recognized morphologically with a 40 3 objective. In this area, DA cells are known to represent~90% of the neurons (Fallon & Loughlin, 1995) . In con®rmation, the fura-2-¯uorescent cells were identi®ed as DA neurons by immunostaining with TH-antibody ( Fig. 1 and see Discussion). Cells lying on the surface of the slices that had been injured during the dissection and which were therefore not loaded with fura-2 were discarded from further analysis.
A large fraction (65%) of the neurons did not show signi®cant changes in their intracellular Ca 2+ level over the recording period and were therefore considered as initially`quiescent', whereas others (35%) exhibited frequent, irregular spontaneous Ca 2+ oscillations (Fig. 2) . After an exposure to a low Ca 2+ (0.1 mM) Krebs' solution for 15 min, the Ca 2+ oscillations were inhibited in 23 out of 41 cells observed in eight slices. When the slice was incubated with Ca 2+ -free Krebs' solution containing 0.5 mM EGTA for 30 min, the basal Ca 2+ level decreased by 24.7 6 1.0% (38 cells per six slices). Under these conditions, the spontaneous Ca 2+ spikes were completely abolished in previously oscillating cells (i.e. in all of 22 cells per eight slices). These results demonstrate the dependency of oscillations on the level of extracellular Ca 2+ . S(±)-raclopride (10 mM), a dopamine D2 antagonist (Lawrence et al., 1995) , caused a marked increase in the basal Ca 2+ level, and elicited irregular Ca 2+ spikes. Treatment with nicotinic antagonists (1 mM DHbE, 20 mM mecamylamine, 50 nM MLA), a muscarinic antagonist (10 mM atropine), glutamate antagonists (100 mM AP-5, 20 mM CNQX) and a g-aminobutyric acid (GABA) A antagonist (30 mM gabazine) did not affect the spontaneous Ca 2+ signals. Similarly, a Na + channel blocker (1 mM TTX), a Ca 2+ channel blocker (10±100 mM nifedipine) and a blocker of hyperpolarizationactivated cation current I h (5 mM CsCl) had no signi®cant effect on the oscillations (data not shown). 
Nicotine-elicited Ca mobilization in nigral neuron 2477
The endoplasmic reticulum network of neurons is considered to be a continuous membrane system containing ryanodine receptors and inositol 1,4,5-trisphosphate (IP 3 ) receptors both of which can trigger regenerative Ca 2+ release (Berridge, 1998) . Indeed, superfusion with 5 mM caffeine, a ryanodine receptor agonist (Berridge, 1998) Berridge, 1998) , also converted 24% of the quiescent cells (eight out of 34 cells per three slices) into spontaneously active ones (not shown).
In contrast, when the slices were treated for 30 min with 10 mM dantrolene, an inhibitor of Ca 2+ release from the endoplasmic reticulum (Hayashi et al., 1997 ), the basal Ca 2+ level decreased in SNc neurons by 80.0 6 2.4% (98 cells per 11 slices, see also below).
This effect was reversible; the basal level of Ca 2+ was restored 80 min after the removal of the drug (data not shown). In the presence of 10 mM dantrolene, the spontaneous Ca 2+ spikes were almost completely abolished in oscillating cells (i.e. in 34 out of 35 cells per 11 slices). The somatic spontaneous Ca 2+ spikes appear to be intrinsically generated via the CICR mechanism which is stimulated by the increase in the basal [Ca 2+ ] i .
Nicotine elicits Ca 2+ mobilization in SNc neurons
Nicotine (100 mM) applied via the perfusion medium for 10 min caused a long-lasting rise in somatic Ca 2+ levels both in quiescent ( Fig. 3a and b ) and oscillating cells (data not shown). Although the effects of nicotine on the oscillating cells were additive to the Ca 2+ spikes, peak amplitude of nicotine-elicited Ca 2+ signals could not be clearly recognized during spontaneous Ca 2+ mobilization. We therefore investigated the effects of nicotinic ligands exclusively on quiescent SNc neurons in subsequent Ca 2+ measurements. We found that in these neurons the peak amplitudes of the Ca 2+ signal elicited by nicotine (1±100 mM) were increased in a concentration-dependent manner (Fig. 3c) . To con®rm that the long-lasting Ca 2+ signal elicited by nicotine was associated with a sustained nAChR activity, whole-cell recordings were made from SNc DA neurons. In current-clamp mode, longlasting depolarizations were observed after perfusions with 100 mM nicotine (Fig. 3d) . The peak amplitude of this response was 11.3 6 2.4 mV (n = 3 cells). In agreement with previous reports where bath-applications were used (Calabresi et al., 1989) , the nicotinic depolarization desensitized markedly; its amplitude declined within 1± 3 min perfusion (time to peak, 77.3 6 11.6 s; half decay time, 81.7 6 26.8 s, n = 3 cells), whereas nicotine-elicited Ca 2+ signals developed for this period (time to peak, 197.3 6 4.4 s, n = 51 cells), and then it gradually decreased with a half decay time of 215.8 6 20.2 s (Fig. 3b) . Thus, the intracellular Ca 2+ mobilization observed in this study was probably triggered by the activation of nAChR.
nAChR subtypes contributing to Ca 2+ mobilization
We then investigated the subtype of nAChR involved in the action of nicotine. The results are illustrated in Figs 3±5 . Mecamylamine (20 mM), a non-competitive nAChR antagonist, produced a nearcomplete block of 100 mM nicotine-elicited Ca 2+ mobilization (Fig. 4a) . DHbE (1±5 mM), an antagonist of the a4b2-nAChR (Alkondon & Albuquerque, 1993) , inhibited the Ca 2+ mobilization caused by 100 mM nicotine in a concentration-dependent manner (Fig. 5) . In the SNc neurons of b2±/± mutant mice, the nicotinic responses were diminished, although a higher concentration (100 mM) of nicotine could still mobilize a small amount of Ca 2+ (Fig. 3c) . Cytisine (1±100 mM), an ef®cient agonist of b4-subunit-containing nAChR, but without effect on b2-subunit-containing nAChR (Colquhoun & Patrick, 1997) , had no signi®cant effect on intracellular Ca 2+ levels in SNc neurons of either wild-type or b2±/± mutant mice (Fig. 3f) . These results favour the notion that nicotine-elicited Ca 2+ mobilization in SNc neurons is mainly mediated by b2-subunit-containing nAChRs.
In slices from b2±/± mutant mice, a residual long-lasting response to 100 mM nicotine was noticed. This led us to further investigate the possible involvement of different nAChR types in nicotine-elicited Ca 2+ mobilization. In the wild-type mouse preparation, responses to 100 mM nicotine were strongly inhibited by 5 mM DHbE (Fig. 5) , but the residual responses were blocked by 50 nM MLA, a selective and potent antagonist of a7-subunit-containing nAChR (Palma et al., 1996) . In the b2±/± mutant mice, superfusion of SNc neurons with 50 nM MLA almost completely blocked the residual long-lasting response to 100 mM nicotine (Fig. 5) . Choline is known to be a selective agonist of a7-subunit-containing nAChR (Papke et al., 1996; Alkondon et al., 1997) . We thus examined the ability of choline to mobilize Ca 2+ in SNc neurons. One millimolar choline failed to cause detectable changes in the intracellular Ca 2+ level, but 10 mM choline elicited a sustained increase in Ca 2+ level ( Fig. 3e and f) . A similar increase in intracellular Ca 2+ level was induced by 10 mM choline in the b2±/± SNc neuron (Fig. 3f ) and this effect was not signi®cantly different from the residual response to 100 mM nicotine FIG. 4 . Properties of nicotine-and choline-elicited Ca 2+¯u orescence in SNc neurons. The graphs show in (a) the normalized peak amplitude of 100 mM nicotine-elicited responses after a treatment with 20 mM mecamylamine (MECA), 0.1 mM Ca 2+ , 1 mM TTX, 1 mM TTX + 50 nM MLA, and 100 mM AP-5 + 20 mM CNQX + 500 mM MCPG, and in (b) the normalized peak amplitude of 10 mM choline-elicited responses after a treatment with 50 nM MLA, 0.1±1 mM a-BgTx, 100 mM choline (Ch), 0.1 mM Ca 2+ , 1 mM TTX, and 100 mM AP-5 + 20 mM CNQX + 500 mM MCPG. Control responses to nicotine or choline (control) were obtained as unpaired tests in each blocking experiment using the same group of mice. Data are mean values of Dratio 340 : 380 with SEM (n = 4±8), normalized as percentages of each control response. **P < 0.01; signi®cantly different from controls, based on one-way ANOVA with Scheffe's test.
FIG. 5. Methyllycaconitine-sensitive Ca
2+¯u orescence elicited by nicotine in SNc neurons. Concentration±response curves of DHbE in combination with (h) or without 50 nM MLA (s), revealing inhibition of peak amplitude of 100 mM nicotine-elicited signals in fura-2-loaded SNc neurons of b2+/+ wildtype mice (Dratio 340 : 380). The graph also shows the peak amplitude of 100 mM nicotine-elicited signals in SNc neurons of b2±/± mice in the presence (j) or absence (d) of 50 nM MLA. For these experiments, MLA and/or DHbE were used for a pretreatment for 15 min, and then nicotine was added. Each value represents the mean 6 SEM for four to seven different slices. **P < 0.01; signi®cantly different between responses with or without MLA, based on oneway ANOVA with Scheffe's test.
in the b2±/± SNc neurons (Fig. 3c) . The choline-elicited Ca 2+ mobilization was antagonized by either 50 nM MLA or by 0.1±1 mM a-BgTx (Fig. 4b) , an antagonist of a7-subunit-containing nAChR (Frazier et al., 1998) . Pretreatment with 100 mM choline, which causes the desensitization of a7-subunit-containing nAChR , completely inhibited the choline-elicited Ca 2+ mobilization (Fig. 4b) . Taken together, these results demonstrate that a7-subunitcontaining nAChR contributes to the nicotine-elicited Ca 2+ mobilization in SNc neurons.
Comparison of nicotine-and choline-elicited Ca 2+ mobilizations
Treatment with low Ca 2+ (0.1 mM) Krebs' solution for 15 min caused an important reduction of both 100 mM nicotine-and 10 mM cholineelicited Ca 2+ signals (Fig. 4) . However, as shown above, nicotine (100 mM) still induced a depolarization in the presence of 0.1 mM extracellular Ca 2+ (data not shown), demonstrating that nAChR function is not eliminated under these conditions. Thus, extracellular Ca 2+ is required for Ca 2+ mobilization elicited by either nicotine or choline.
Pretreatment with 1 mM TTX signi®cantly diminished the nicotineelicited Ca 2+ signal, but did not affect the choline effects. Thus, nicotine-elicited Ca 2+ mobilization is ampli®ed by the activation of Na + channels, whereas activation of a7-subunit-containing nAChR by choline does not involve the recruitment of Na + channels. The remaining component of the nicotinic response recorded in the presence of TTX was still observed after treatment with 1 mM TTX + 50 nM MLA (Fig. 4a) , indicating that this part of the response was not solely regulated by TTX-insensitive a7-subunit-containing receptors.
We also examined the involvement of voltage-operated Ca 2+ channels in response to 100 mM nicotine. Several types of voltageoperated Ca 2+ channels have been distinguished on the basis of their voltage dependencies and pharmacological properties. At least four high-voltage-activated (L, N, P and Q-type) Ca 2+ channels and one low-voltage-activated (T-type) Ca 2+ channel have been characterized (Nooney et al., 1997). Pretreatment with a T-type Ca 2+ channel blocker (0.1 mM sFTX-3.3; Scott et al., 1992) reduced the signal amplitudes observed 2 min after its peak (Fig. 6a and c) , therefore shortening its duration without affecting its maximum amplitude (Fig. 6b) . A similar shortening was observed after treatment with Ni 2+ at a concentration (50 mM) previously reported to produce a selective block of T-type Ca 2+ channels (Nooney et al., 1997) . Neither the L-type Ca 2+ channel blocker (10 mM nifedipine), the Ntype Ca 2+ channel blocker (0.1 mM w-conotoxin GVIA), nor the P/Qtype Ca 2+ channel blocker (0.1 mM FTX-3.3) had any blocking effect. These results indicate that T-type Ca 2+ channels contribute to the long-lasting effects of nicotine.
Yet, 50 mM Ni 2+ in combination with 1 mM TTX + 50 nM MLA did not completely block Ca 2+ mobilization by 100 mM nicotine. The remaining component of the nicotinic signals elicited under these conditions rules out the involvement of T-type Ca 2+ channels, Na + channels and a7-subunit-containing nAChR channels. Indeed, its size (24.9 6 10.5% that of the control response, 35 cells per four slices) was similar to the remaining part of the nicotinic response observed in the presence of TTX or TTX + MLA, as shown in Fig. 4a . Therefore, a contribution of Ca 2+ in¯ux through b2-subunit-containing nAChR channels cannot be excluded.
Nicotine-and choline-elicited Ca
2+ mobilizations are not mediated by presynaptic nAChRs b2-and a7-subunits of nAChRs are present in axon terminals of glutamate-containing neurons in the central nervous system (reviewed in Wonnacott, 1997) . The effects of nicotine and choline might indirectly result from the facilitation of glutamate release by axon terminals impinging on DA neurons. However, neither the nicotine-nor the choline-elicited Ca 2+ signals were inhibited by For these experiments, the Ca 2+ channel blockers were applied as a pretreatment for 15 min, and then nicotine was added (square bars). (b,c) The columns show the normalized peak amplitudes (b) and amplitudes 2 min after the peak (c) of 100 mM nicotine-elicited signals remaining after treatment with blockers of L-type Ca 2+ channels (L, 10 mM nifedipine), N-type Ca 2+ channels (N, 0.1 mM w-conotoxin GVIA), P/Q-type Ca 2+ channels (P/Q, 0.1 mM FTX-3.3), T-type Ca 2+ channels (T, 0.1 mM sFTX-3.3), and with 50 mM Ni 2+ . Control responses to nicotine (control) were obtained as unpaired tests in each blocking experiment using the same group of mice. Data represent mean values of Dratio 340 : 380 with SEM (n = 3±5 slices), normalized as percentages of each control response to nicotine. *P < 0.05, **P < 0.01; signi®cantly different from controls, based on one-way ANOVA with Scheffe's test. application of ionotropic glutamate receptor antagonists (100 mM AP-5 + 20 mM CNQX) in combination with a metabotropic glutamate receptor antagonist (500 mM MCPG, Fig. 4a and b) . On the other hand, midbrain DA neurons are regulated by GABAergic, cholinergic and serotoninergic afferent projections (White, 1996) . However, a GABA A antagonist (10 mM bicuculline) and a muscarinic receptor antagonist (1 mM atropine) did not affect the effects of 100 mM nicotine or 10 mM choline; the application of 50 mM 5-hydroxytryptamine (serotonin) did not cause Ca 2+ mobilization (data not shown). Therefore, the observed Ca 2+ mobilizations do not plausibly result from a presynaptic action but, rather, from direct effects of nicotine and choline on SNc neurons.
Involvement of cytosolic Ca
2+ release from endoplasmic reticulum in nicotinic Ca 2+ mobilization
When the Ca 2+ level was decreased in SNc neurons by 10 mM dantrolene for 30 min, no detectable increase in intracellular Ca 2+ level was observed after addition of 100 mM nicotine (Fig. 7a) or 10 mM choline (data not shown). In the presence of dantrolene, however, 100 mM nicotine elicited depolarization in the current-clamp mode (Fig. 7b) , demonstrating that nAChR function is not blocked by this treatment. These data suggest that Ca 2+ signals observed in the soma mainly re¯ect an indirect effect of nicotinic agonists via the intracellular Ca 2+ store. Thus, a speci®c inhibitor of endoplasmic reticulum Ca 2+ -ATPase (CPA, Seidler et al., 1989) was used to deplete the Ca 2+ store. When slices were treated for 30 min with CPA (10±30 mM) in Ca 2+ -free Krebs' solution containing 0.5 mM EGTA and were further treated for 30 min with CPA at normal (2 mM) extracellular Ca 2+ concentration, 100 mM nicotine-elicited Ca 2+ mobilization was strongly reduced (Fig. 7c and d) .
To con®rm the involvement of Ca 2+ stores, we also used caffeine (Shimoda et al., 2000) . The Ca 2+ -free procedure was found to be crucial to almost complete the depletion of Ca 2+ stores, as Ca 2+ transients evoked by 10 mM caffeine were abolished in 85% of the cells tested with this procedure with a remaining peak response of 6.6 6 3.8% (n = 20 cells), whereas 30.1 6 8.9% (n = 35 cells) of the response remained after a treatment for 1 h with 10 mM CPA in the presence of 2 mM Ca 2+ . CPA (10 mM) did not inhibit nicotine-elicited Ca 2+ mobilization without similar changes in extracellular Ca 2+ concentration (Fig. 7d ) despite the fact that nicotine depolarized the neurons even in the presence of 30 mM CPA (data not shown). Thus, the in¯ux of Ca 2+ induced by applications of nicotine or choline stimulates the CICR, with a resulting substantial mobilization of Ca 2+ in the soma of the studied cells.
Promoting effect of nicotine on spontaneous Ca 2+ spike generation
As mentioned, some of the SNc neurons showed spontaneous oscillations of Ca 2+ levels (Fig. 2a) . To test for a possible contribution of nAChRs to the generation of Ca 2+ spikes, the consequences of nicotine application on quiescent cells were examined. Basal Ca 2+ levels increased slightly during and after the application of 10 mM nicotine for 4 min, which further produced Ca 2+ spikes in 30% of the cells (Fig. 8 and Table 1 ). These effects were not observed in nontreated control neurons (Table 1) . On the other hand, DHbE (1 mM) inhibited the generation of Ca 2+ spikes by 10 mM nicotine, and in Nicotine-elicited Ca mobilization in nigral neuron 2481 b2±/± preparations, 10 mM nicotine was not able to elicit spontaneous Ca 2+ spikes (Table 1 ). These data demonstrate that short-term treatment with a low concentration of nicotine promotes the genesis of spontaneous Ca 2+ spikes via activation of b2-subunit-containing nAChR.
Discussion
Imaging DA neurons in slices of mouse SNc has revealed a longlasting mobilization of intracellular Ca 2+ when these cells are exposed to nicotine, which also produces a sustained depolarization of their membrane, as indicated by patch-clamp studies. This effect is similar in its duration and time course to the electrophysiological response produced by nicotine in rat midbrain DA neurons (Calabresi et al., 1989; Pidoplichko et al., 1997) . Here we give evidence that the subsequent increase in the somatic Ca 2+ level is mediated, in the studied cells, by b2-and a7-subunit-containing nAChR channels. Experimental evidences support the notion that the resulting depolarization of DA neurons produces an in¯ux of Ca 2+ via primarily T-type Ca 2+ channels, which, in turn, triggers release of the intracellular Ca 2+ stores, although b2-containing nAChRs may also contribute to this in¯ux (see also Mulle et al., 1992) . It can be noted that the experimental conditions used here, i.e. prolonged exposures of neurons to nicotine, may provide a useful model to mimic chronic uses of nicotine in smokers.
Double-labelling with fura-2 and TH antibody provided direct evidence that the observed cells in the fura-2 experiments were DA neurons. Even though fura-2¯uorescence from some glial cells was detected, they could be recognized, because astrocytes are smaller (Tritsch et al., 1998) than the investigated cells which were at least 10±20 mm in size.
Ca
2+ in¯ux is mediated by two types of nAChRs
At least four classes of nAChRs, consisting of one a-BgTx-sensitive type and three a-BgTx-insensitive types, can be identi®ed in the vertebrate brain using b2±/± mutant mice and nicotinic agents, e.g. nicotine, cytisine and MLA (Alkondon & Albuquerque, 1993; Zoli et al., 1998) . Adopting this classi®cation, we have demonstrated that the initial step of nicotine-elicited Ca 2+ mobilization is mediated in SNc by at least two distinct types of nAChRs. The main subtype is the b2-subunit-containing nAChRs, as nicotinic responses almost completely disappeared in b2±/± mutant mice. The other receptor was identi®ed as an a7-subunit-containing nAChR. This was observed in b2±/± mutant mice when a small residual response persisted in the presence of high concentrations (100 mM) of nicotine, which was blocked by MLA. Furthermore, the a7-subunit-selective agonist choline caused an MLA-sensitive increase in intracellular Ca 2+ levels. Because b2-subunits are expressed in all tested SNc neurons (Hill et al., 1993) and a-BgTx-labelling sites are also distributed in mouse substantia nigra (Pauly et al., 1991) , we propose that b2-and a7-subunit-containing nAChRs are coexpressed in the investigated cells and function in the same neurons.
Extracellular Ca 2+ was essential for the nicotine-elicited Ca 2+ mobilization, and the Ca 2+ signal was prolonged by T-type Ca 2+ channel activity. Choline-elicited Ca 2+ mobilization was also dependent on extracellular Ca 2+ but it was insensitive to TTX. These observations suggest that the two types of nAChRs produce Ca 2+ mobilization via different mechanisms; b2-subunit-containing nAChRs mainly promote the depolarization-activated Ca 2+ in¯ux, whereas a7-subunit-containing nAChRs may initiate Ca 2+ mobilization via a Ca 2+ in¯ux through the nAChR channel. In the central nervous system, ryanodine receptor-activated Ca 2+ release from cytoplasmic stores is triggered by a Ca 2+ in¯ux, with the classical sequence of events that characterized this CICR (Berridge, 1998) . In our experiments with dantrolene or CPA, both nicotine-and choline-elicited Ca 2+ signals were inhibited, probably due to a decreased release from intracellular stores. These results suggest that Ca 2+ signals are secondarily ampli®ed by CICR and cause the somatic [Ca 2+ ] i increase observed in this study. On the other hand, the initial Ca 2+ in¯ux should have been observed even in the presence of dantrolene, it was not detected in this work. Pidoplichko et al. (1997) reported that the majority of the nAChRs are quickly desensitized in response to the bath-application of nicotine, while only a small and non-detectable fraction of them is still stochastically activated. Furthermore, the Ca 2+ store is capable of rapidly sequestering Ca 2+ through its pump, and it functions as a major buffering system (Berridge, 1998) . We therefore suggest that the initial Ca 2+ in¯ux was not visible, either because it was too small compared with the CICR, or because it occurred in the dendrites which were not visualized with our imaging system. It can also be noted that the low Ca 2+ level remaining in the presence of dantrolene as in Fig. 7a might be out of the range detected by fura-2. In any case it is possible that continuous small nicotinic inputs cause a long-lasting [Ca 2+ ] i elevation and mediate the chronic effects of nicotine in SNc neurons.
A dual mechanism for regulating neuronal activity
Whole-cell currents through b2-and a7-subunit-containing nAChRs can be clearly differentiated on the basis of their kinetic and pharmacological properties (Role, 1992; . Unlike b2-subunit-containing nAChR-mediated currents which desensitize slowly, a7-subunit-containing nAChR-mediated currents show a fast desensitization and short mean open time of the associated channels, with a higher Ca 2+ permeability (Se Âgue Âla et al., 1993; Castro & Albuquerque, 1995) . Furthermore, a7-subunit- b2±/± mutant Nicotine (10 mM) 1/51 (2.0 6 2.0**) 10
Percentages within parentheses are mean probabilities (6 SEM) of generation of Ca 2+ spikes in quiescent cells in each slice during and after treatment with nicotine. Statistical differences from the value of the nicotine response in b2+/+ wild-type mice were assessed with Student's t-test. **P < 0.01; determined by two-tailed test. ²P < 0.05 represents one-tail signi®cance.
containing nAChRs are more sensitive to inhibition by a-BgTx and MLA, but have a lower af®nity for acetylcholine and nicotine than b2-subunit-containing nAChRs (Alkondon & Albuquerque, 1993) . Therefore, these two types of nAChRs may be differentially activated and mobilize intracellular Ca 2+ in different physiological conditions. Anatomical studies indicate that cholinergic inputs in SNc DA neurons originate in the pedunculopontine tegmental nucleus (Woolf, 1991) . Stimulations of this nucleus elicit nicotinic excitatory postsynaptic potentials in SNc DA neurons (Futami et al., 1995) . The nAChR a4-subunit has been shown, with immunohistochemistry, to be located at postsynaptic regions on the dendrites of SNc DA neurons (Sorenson et al., 1998; Arroyo-Jimenez et al., 1999) . The staining patterns of the a4-subunit are similar to those of the b2-subunit in adjacent brain sections, and both subunits are coimmunoprecipitated from rat brain homogenates (Flores et al., 1992) . Therefore, it is likely that these subunits associate to form nAChRs with a high af®nity for agonists which may modulate the postsynaptic excitability of DA neurons in the SNc. Yet, the multiplicity of nAChR subunits in DA neurons is such (Le Nove Áre et al., 1996) that b2 might also be associated with subunits other than a4.
At this stage, the localization of a7-subunit-containing nAChR in SNc is not known. Nevertheless, confocal immuno¯uorescent microscopy suggests that the a7-subunit-containing nAChR is concentrated perisynaptically in chick ciliary ganglion neurons (Wilson Horch & Sargent, 1995) . As a7-subunit-containing nAChR-mediated Ca 2+ mobilization in b2±/± SNc neurons was observed only at high concentrations of nicotine, the perisynaptic a7-subunit-containing nAChRs may contribute to the nicotinic response during repetitive cholinergic inputs or excessive stimulation with exogenously applied agonists, and may boost the postsynaptic effects of the b2-subunit-containing nAChR.
Physiological relevance of [Ca 2+ ] i elevation by nicotine
Both terminal and somatodendritic releases of dopamine by SNc neurons are known to affect locomotor activity (Crocker, 1997) . Presynaptic striatal a3b2-nAChRs promote dopamine release via activation of N-type Ca 2+ channels (Soliakov & Wonnacott, 1996; Kaiser et al., 1998) . By contrast, the dendritic release of dopamine is mediated in the substantia nigra pars reticulata by Ca 2+ channels including T-type ones (Bergquist et al., 1998) . Dopamine D2 autoreceptors in dendrites of DA neurons are tonically activated by dendritically released dopamine which decreases their ®ring rate (White, 1996) . Consequently, treatments with a higher concentration of nicotine may promote the somatodendritic release of dopamine through the increase in somatic [Ca 2+ ] i by nAChRs and T-type Ca 2+ channels, with a resulting reduction of neuronal activity. The functional signi®cance of the nicotine-elicited Ca 2+ spikes remains to be elucidated. One possibility is that these spikes are related to the burst ®ring of mesencephalic DA neurons which promotes terminal dopamine release and reward-driven learning (Overton & Clark, 1997) . This ®ring, however, is not elicited in vitro because of an afferent nerve control; instead, a slow, pacemaker-like discharge is observed (White, 1996) . But nicotine enhances the burst ®ring in vivo (Grenhoff et al., 1986) and increases the ®ring rate in vitro (Calabresi et al., 1989) . The conversion of quiescent SNc neurons into spontaneously active ones by a low concentration (10 mM) of nicotine may re¯ect a modulation of neural activity through high-af®nity b2-subunit-containing nAChRs.
Chronic treatment by nicotine has been reported to have neuroprotective effects upon rat nigral DA neurons after mesodiencephalic lesions (Fuxe et al., 1990; Janson et al., 1992; Janson & Mùller, 1993) . Although the effect of nicotine on cell survival depends on several factors, including the expression of particular genes and the levels of trophic factors (Belluardo et al., 1998; Maggio et al., 1998) , Ca 2+ appears critical for this neuroprotective action (Donnelly-Roberts et al., 1996) . Therefore, the sustained increase in [Ca 2+ ] i reported here could activate intracellular processes underlying nicotinic protection.
